The objective of this study was to evaluate a non-volitional measurement to assess diaphragmatic function in intubated and mechanically ventilated patients in a prospective pilot interventional clinical trial. The study was conducted in an 18-bed postoperative intensive care unit based at a university hospital. Patients were prospectively assigned to two groups. Group 1 consisted of eight patients with ventilator weaning failure. Group 2 consisted of eight intubated and ventilated patients who were studied shortly after major surgery and were successfully extubated thereafter. The twitch pressure response after cervical magnetic stimulation of the phrenic nerves was measured at the endotracheal tube at different PEEP levels. In group 2 the twitch transdiaphragmatic pressure, defined as the difference between twitch gastric and twitch oesophageal pressure was also evaluated.
Diaphragmatic dysfunction is a significant contributing factor to weaning failure in mechanically ventilated patients. Thus, the assessment of diaphragmatic strength in mechanically ventilated Intensive Care Unit (ICU) patients may be helpful to differentiate diaphragmatic dysfunction from other factors when weaning from the ventilator is difficult. The conventionally used measurements of respiratory muscle strength, such as vital capacity and maximum inspiratory occlusion pressure 1 require the patients' own effort and cooperation which is usually poor in critically ill patients. Therefore, the results of such measurements may vary considerably in this group of patients.
Diaphragmatic strength can be estimated after supramaximal stimulation of the phrenic nerves by transdiaphragmatic pressure measurement (TwPdi) which has the great advantage of being a nonvolitional test of diaphragmatic contractility 1 . TwPdi is calculated as the difference between oesophageal (TwPoes) and gastric pressures (TwPgas) after magnetic stimulation during airway occlusion. Magnetic stimulation of the phrenic nerves is noninvasive, easy to use, and is not painful to the subject. Several reports on normal spontaneously breathing subjects have shown similar results with magnetic and electrical stimulation in diaphragmatic electromyography and the pressure response of diaphragmatic movement [2] [3] [4] [5] .
Different sites of stimulating the phrenic nerves at the neck have been described. The dorsal approach is by far the most common. Recent publications also describe anterolateral or even anterior sites of stimulation 6, 7 . These approaches may be more effective but also more difficult to apply in the intensive care setting.
It has been shown that TwPdi is lower in patients with muscular weakness 8 , after cardiac surgery 9 and after maximal isocapnic ventilation 4, 10 . However very little is known about TwPdi in critically ill mechanically ventilated patients 11, 12 .
In a recent study, Watson and co-workers 12 could demonstrate that in intubated patients, TwPoes is well correlated with the pressures measured at the endotracheal tube (TwPett). This finding was applied and reviewed in this study.
The aim of this pilot study was to evaluate cervical magnetic stimulation to assess diaphragmatic function in intubated and mechanically ventilated patients. The method was applied to critically ill patients with weaning difficulties and to patients with normal lungs who were receiving short-term mechanical ventilation. In addition, the influence of different PEEP levels on the diaphragmatic contractility was studied.
MATERIALS AND METHODS

Patients
Patients were prospectively assigned to two groups. In group 1, eight long-term mechanically ventilated ICU patients were studied after failing at least one extubation trial because of respiratory failure. Mean duration of mechanical ventilation in this group was 17 days (range 5 to 35 days). Patients with preexisting neurological or pulmonary diseases were excluded. No clinical signs of respiratory exhaustion were present on the day of measurement. In group 2, eight ASA I to III patients were studied shortly after major surgery during postoperative mechanical venti-lation and directly before extubation. These patients had undergone general anesthesia lasting longer than four hours for non-thoracic, non-abdominal elective surgery.
Preoperative pulmonary and neuromuscular function were normal in seven patients and one patient had chronic obstructive pulmonary disease.
Neuromuscular blocking agents were administered only in group 2 during the surgery. The absence of any residual neuromuscular blocking was confirmed by neuromuscular monitoring using the TOF Guard accelerometer (Organon Teknika NV, Belgium). Train-of-four stimulation was applied to the radial nerve.
All patients were intubated with a cuffed endotracheal tube with an inner diameter varying from 6.0 to 8.5 mm and mechanically ventilated (Puritan-Bennett 7200a, Puritan-Bennett, Carlsbad, U.S.A., or Evita 2, Drägerwerk AG, Lübeck, Germany) in a volume controlled mode with a PEEP of 5 cmH 2 O. Fraction of inspired oxygen (FiO 2 ) was set to achieve an arterial oxygen saturation >95%. Tidal volume (8 to 12 ml/kg) and respiratory rate (10 to 13 breaths per minute) were set to maintain normocapnia. All patients were sedated with propofol infusion (1 to 2 mg/kg/h) supplemented with fentanyl boluses (1 to 2 µg/kg) as clinically indicated. In group 2 sedation was stopped directly after measurement and all patients were successfully extubated.
The study was approved by the ethics committee of the Georg-August University, Göttingen, Germany. Written informed consent was obtained from each patient or in unconscious patients in group 1 from next of kin on the day before measurement.
Pressure measurement
Group 1 and 2: Endotracheal tube pressure (Pett) was measured via a small side-port connector attached to the proximal end of the endotracheal tube by a differential pressure transducer (Huba Control, Würenlos, Switzerland). Gastric pressure (Pgas) was measured via a thin (2.4 mm diameter) 90 cm catheter with a 10 cm long latex balloon on the tip (International Medical, Netherlands) inserted nasally. The Pgas-balloon was filled with 1.5 ml of air and connected to an identical pressure transducer. Correct positioning of the balloon was confirmed by soft pressure on the upper abdomen which was followed by a rise in gastric pressure 13 . An empty stomach was confirmed by suction via a nasogastric tube which was withdrawn afterwards. Group 2 only: An identical balloon catheter filled with 0.5 ml of air and an identical pressure transducer were used to measure oesophageal pressure (Poes). Correct positioning of the balloon catheters (Poes) in the lower oesophagus, Pgas in the gastric cavity were confirmed by X-ray. Routine chest X-rays were taken while the introducer wires were still in the catheters. Before sedation, the catheter position was verified by an occlusion test 14 during spontaneous breathing activity and the position was corrected until the slope of Poes/Pett was between 0.9 and 1.1. Transdiaphragmatic pressure (Pdi) was calculated by subtracting Poes from Pgas (group 2 only).
All signals were monitored and recorded at a rate of 200Hz using a PC and commercial software (Turbolab, Bressner Technology, Gräbenzell, Germany).
Magnetic stimulation
Bilateral phrenic stimulation was performed using a magnetic stimulator (Magstim 200, The Magstim Co., Whitland, Dyfed, Wales) with a 90 mm single coil placed over the cervical spine while the patient was in semi-recumbent position (30 to 45 degrees). In order to achieve stimulation of the phrenic nerve roots, the neck was bent forward from 0 to 50 degrees from the vertical axis and supported with pillows and adhesive bands 2, 10 .
A pneumatic occlusion valve was inserted between the Pett side-port and the Y-piece of the ventilator tubing. The ventilatory mode was switched to spontaneous breathing at the end of expiration and the airway was occluded. Absence of spontaneous ventilatory efforts or intrinsic PEEP was accepted when Pett remained unchanged after airway occlusion for at least two seconds. A single magnetic stimulus (2 Tesla, duration 0.1 ms) was thereafter delivered via the Magstim 200 stimulator. After the end of the following diaphragmatic contraction (<500 ms) the airway patency was re-established and the ventilatory mode was switched back to controlled ventilation.
The amplitudes of twitch pressures (TwPett, TwPoes, TwPgas, and TwPdi) were calculated off-line manually as the difference between the baseline immediately before the stimulation and the peak pressure after the stimulation. For simplicity, the negative sign of the TwPett and TwPoes were ignored. A minimum of 30 seconds was allowed between the stimulations to avoid diaphragmatic potentiation 15, 16 .
The site of optimal stimulation was determined by moving the coil between C5 and C7 2 and comparing the responses on TwPett. Once the maximum stimulus response in TwPett had been defined the position of the coil was kept unchanged throughout the measurements.
Protocol
Group1: Phrenic nerve stimulation was performed during airway occlusion at end-expiration with 100% output (2 Tesla) of the magnetic stimulator. Eight to ten stimuli were given at a PEEP of 0 cmH 2 O (PEEP 0), 5 cmH 2 O (PEEP 5) and 10 cmH 2 O (PEEP 10) in a randomized order. Group 2: Phrenic nerve stimulation was performed during airway occlusion at endexpiration with 100% output (2 Tesla) of the magnetic stimulator. Eight to ten stimuli were given only at PEEP 0 and PEEP 5 in a randomized order. In order to confirm supramaximal stimulation, four stimuli were also given on 80, 90, 92, 95 and 97% of maximum output at PEEP 5.
Analysis
Prerequisites for a twitch to be included into the analysis were stable pressure signals and lack of spontaneous breathing activity during the two-second period of occluded airway immediately before stimulation.
Mann Whitney U-test was used to compare corresponding pressures between the groups and between different PEEP levels in a group on 100% output. Analysis of variance for repeated measurements was used in the analysis of increasing power output, and Wilcoxon test was employed as a post hoc test. Linear regression analysis and graphical plots according to Bland and Altman were used when appropriate 17. A P value of less than 0.05 was considered significant. Data are presented as mean±1SD.
RESULTS Figure 1 shows a pressure recording during cervical magnetic stimulation of the phrenic nerves in patient number 7 (group 2) with 100% stimulator output on PEEP 5. Mean twitch pressures are presented in Table 2 . TwPett was significantly lower in group 1 compared to group 2 at PEEP 0 and PEEP 5.
Increase of PEEP resulted in a decrease of TwPett. This was significant only between PEEP 0 and PEEP 10 in group 1 but obvious in all patients.
There was very close correlation between TwPoes and TwPett (r 2 =0.98) in group 2. A good correlation was also found between TwPdi and TwPett (r 2 =0.96).
The similarity of TwPoes, TwPdi and TwPett is illustrated in Figures 1 to 3 . Compared to 100% output both TwPdi and TwPett increased progressively from 80% to 95% (P<0.05). In both signals, only 97% output was not different from 100% output. With increasing stimulus output the TwPett for all patients in group 2 is shown in Figure 4 .
No adverse effects were detected during the measurements. All patients in group 2 were successfully extubated within 10 to 90 minutes after the study.
DISCUSSION
The results of this study confirm: 1. a significant reduction in TwPett in patients with weaning failure compared to postoperative patients prior to extubation; 2. a drop in TwPett with increasing PEEP; 3. a good correlation of TwPett to TwPoes and TwPdi; and 4. that supramaximal stimulation is difficult to perform with this technique.
Comparison of the patient groups
Diaphragmatic contractility (determined as TwPett) was reduced in our patients with weaning failure compared to patients with normal respiratory function. Only one of the eight patients in group 1 had TwPett within the normal range, as defined previously for transdiaphragmatic twitch pressure and oesophageal twitch pressure 18 . Considering the results of Watson and colleagues 12 and our results in group 2, TwPett correlates well with TwPoes. Assuming that TwPett is a good surrogate for the real change in pleural pressure (see below), the sum of TwPett and TwPgas represents TwPdi. Although this pilot assessment is preliminary, TwPett+TwPgas was small in our patients in group 1 ( Table 2 ). In recent studies, the decrease in diaphragmatic contractility was not substantially accentuated in normal subjects recovering from diaphragmatic fatigue 10 and spontaneously breathing patients with diaphragmatic weakness 8 . In Mean twitch pressures±standard of deviation (SD) for all patients (cmH 2 O) TwPett, TwPoes, TwPgas and TwPdi=twitch pressure measured respectively at the endotracheal tube, the oesophagus, in the stomach or across the diaphragm, S group 1 the neuromuscular dysfunction may be due to diaphragmatic fatigue, critical illness polyneuropathy or other muscular disorders reported in critically ill patients 19, 20 .
The reported values of TwPett in group 2 are comparable to the twitch mouth pressures (TwPmouth) in non-intubated patients in the study by Hamnegard and co-workers 5 . They reported a mean TwPmouth of 13.7 cmH 2 O in eight normal subjects, measured in seated position. In the latter study, normal subjects were trained to keep their glottis open which is a mandatory requirement to measure reliable values during magnetic stimulation. This approach is difficult in non-intubated patients. In our study this problem was bypassed by the endotracheal tube and the results are therefore likely to be more reliable.
The threshold value of TwPmouth of 10 cmH 2 O above which a significant diaphragmatic weakness can be excluded 5 , was exceeded in seven of eight patients in group 2 (TwPett was between 9.8 and 27.4 cm H2O on PEEP 0). In patient number 4 TwPett was 9.8 cmH 2 O and TwPdi was 9.2 cmH 2 O on PEEP 0. On the other hand this patient also had a small amount of intrinsic PEEP (2 cmH 2 O measured during the occlusion before the twitch) indicating that the stimulation was possibly not delivered at relaxation volume. Nevertheless, after the measurements this patient was successfully extubated.
Effect of different PEEP levels
The TwPdi has been shown to be lung volume dependent 21 . In our study the thoracic volume was increased by applying PEEP. In both groups, increasing the PEEP caused a decrease in TwPett, TwPoes and TwPdi. Although this was only significant between PEEP 0 and PEEP 10 for TwPett in group 1 it can be observed in each and every patient in both groups ( Table 2) . TwPgas was very small with PEEP 0 and therefore no significant further decrease could be observed. These results are consistent with the Table 1 ). Mean value of both pressures are plotted against their difference to demonstrate their similarity. results of Hamnegard and co-workers 21 who found a decline in TwPdi by 0.54 kPa per litre of lung volume in normal spontaneously breathing subjects.
PEEP is commonly used to improve pulmonary function and oxygenation. Apart from that, increasing the lung volume above FRC by applying PEEP can impair diaphragmatic function by flattening the diaphragm. This fact may stress the impact of hyperinflation in unsuccessful weaning. The measured changes using low PEEP (up to 5 cmH 2 O) are small.
Comparing TwPett with TwPoes and TwPdi
As previously demonstrated 12 , we also found a good correlation between TwPett with TwPoes and TwPdi in intubated patients. Nevertheless, the standard deviation is high (Figure 2 and 3) and therefore initially, it appears that TwPett is not a valid surrogate for TwPoes or TwPdi 7, 26 . Nevertheless, it is remarkable that on average, TwPoes was 2.2 cmH 2 O smaller than TwPett. Since both parameters are exclusively generated by the twitch change in pleural pressure (TwPpl), we hypothesize in our study that TwPett might be a better surrogate for the change in pleural pressure compared to TwPoes. We noted, according to Figure 2 , that TwPoes was always smaller than Twett (negative difference on the Y-axis) and especially in patients 6 and 7 with high absolute values, this difference is relevant. Our findings confirm the results of Polkey et al 7 who could demonstrate that in six of eight ventilated patients TwPett was higher than TwPoes. Similarly, the results of Cattapan et al 26 confirm these findings in 10 out of 13 patients.
As stated already, the correct placement of the catheter in the oesophagus was confirmed by an X-ray. The occlusion test was performed and the catheter position was changed gradually until the Poes/Pett slope was between 0.9 and 1.1. In theory, during the occlusion test Poes/Pett should be at least one. This should be true for TwPoes/TwPett. However, during stimulation the TwPoes/TwPett mean slope of twitches on 100% output was 0.86. This could be due to alteration of the catheter position by flexing the neck forward, which was done after the occlusion test had been performed and after starting the sedation. Another factor may be delayed pressure transmission during fast pressure changes in oesophageal balloon catheters. In a previous study 22 we could demonstrate that even in a laboratory setting the pressure transmission of five commercially available oesophageal balloon catheters is delayed. Fast pressure changes such as those in phrenic nerve stimula-tion may not be detected accurately. This demonstrates that compared to the TwPett measurement, the TwPoes is technically prone to artefacts and interference and that TwPett in intubated patients may be a better surrogate for the change in pleural pressure than TwPoes.
To measure transdiaphragmatic pressures, two catheters have to be swallowed or placed, one catheter for the oesophageal and the other for the gastric pressure measurements. Placing the Poes and Pgas catheters in intubated subjects can be difficult 13 , because the catheter can be inadvertently introduced into the airway. Even when the access to the oesophagus is easily achieved, placing the tip of the catheter correctly in the oesophagus in supine subjects using the occlusion test 14 can be cumbersome and time consuming because of cardiac artefacts. Compared to Poes measurements, Pett is easy to measure in intubated patients directly from a small side-port connector attached to the endotracheal tube. This method simplifies the measurement technique and has the potential to be used as a routine clinical test.
We also found a good correlation between TwPdi and TwPett (r 2 =0.96) with an even smaller average difference between the two values (0.4 cmH 2 O). This finding is somewhat contrary to the earlier reports comparing the mouth pressure and transdiaphragmatic pressure responses to magnetic stimulation in non-intubated 23, 24 and intubated 12 patients. In our patients the TwPdi was actually reflecting TwPoes while TwPgas was small. Knowing that TwPett correlates well with TwPoes, it has been clearly demonstrated that TwPdi correlates well with TwPett under these circumstances.
In the supine position the TwPoes has a tendency to increase and TwPgas to decrease, compared with the seated position 25 . This supports our finding of a very small TwPgas compared to TwPett in a semirecumbent position. Moreover, magnetic stimulation itself as a method affects the TwPgas/TwPoes ratio, producing more profound TwPoes than the electrical stimulation because of extradiaphragmatic muscle activation 6, 18 . However, our TwPgas values are smaller than all reported values in non-intubated, nonsedated healthy volunteers [2] [3] [4] 10 . A possible reason for this is a higher compliance of the abdominal wall during sedation. The fact that the Pgas response was fast ( Figure 1 ) also enhances the possibility that in our patients, the direct co-stimulation of extradiaphragmatic muscles was strong. It is also possible that diaphragmatic function may have been influenced as a result of general anaesthesia or surgery. This is unlikely because TwPgas was the only parameter which would have been influenced in this manner.
Supramaximal Stimulation
One requirement of cervical magnetic stimulation is to achieve supramaximal stimulation of the phrenic nerves 2 . To confirm supramaximality, we measured the twitch responses on different power output levels between 80% and 100% of 2 Tesla as described earlier 2, 3, 10 . In one of the original publications describing cervical magnetic stimulation, Similowski and coworkers used 1.5 Tesla as a maximal output of the stimulator and the results were compared with results obtained earlier with electrical stimulation 2 . The same equipment (as in our study) with an output of 2 Tesla has been used in several subsequent studies 3, 5, 10, 18 confirming similar TwPdi as the electrical stimulation. However, it has been difficult to show a clear plateau in TwPdi with less than 100% output 6, 7 .
As shown in Figure 4 , there was a decrease of the slope of TwPett between 95 and 100% of power output in most of our patients, but no definite plateau. Although this is a common problem in phrenic nerve stimulation, it has been shown that even submaximal stimulation correlates well with sniff transdiaphragmatic pressure, a well established parameter of diaphragmatic strength 7 .
Furthermore, because we used the same technique of phrenic nerve stimulation in both groups, it is likely that the level of supramaximality was the same in both groups making them comparable even if no supramaximality was reached. When used as a clinical feature, more powerful stimulators, or different stimulation sites must to be used 6, 7 .
CONCLUSION
This pilot study suggests that cervical magnetic stimulation can be a useful test to verify diaphragmatic dysfunction in intubated patients. It may assist clinical decision making when choosing the strategy of ventilatory support and weaning.
We hypothesize that in intubated subjects, TwPett is a better surrogate for the true change in pleural pressure than TwPoes. These results markedly simplify the measurement of twitch pressures in intubated patients and thus makes the method much more applicable in clinical situations. Whether the measurement of TwPgas is still essential to determine TwPdi is questionable. Whilst TwPdi is the best estimation of diaphragmatic contraction, nevertheless it is the pleural pressure which reflects the force required to expand the lungs 13 . TwPett may be able to provide an estimate of the diaphragmatic strength, or a better indication of the diaphragmatic power required to expand the lungs.
Further studies are necessary to validate these assessments and determine their clinical implications.
